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Abstract 
A new recycling process on supercritical CO2 extraction of PBDEs from waste HIPS plastic was developed in this 
paper, the influence laws of temperature, pressure, volume of supercritical CO2 and deca-BDE concentration on the 
separating efficiency were investigated, the measures for reducing the effect of deca-BDE concentration on the 
separating efficiency were proposed. The experimental results showed that the suitable supercritical condition was 65
ć, 20MPaˈthe optimum volume ratio of supercritical CO2 to HIPS solution was 2:1ˈand the deca-BDE particles 
can be removed by a centrifuge process at speed of 10000 r/min and at 30ć. It was found that over 97 % of PBDEs 
was successfully removed and the concentration of PBDEs residual in HIPS was reduced to lower than 0.1% (dry) by 
this recycling process 
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1. Introduction 
Brominated flame retardantsˈbecause of excellent performance, were often used for househould 
plastic to improve the fire performance , the most common brominated flame retardants were commercial 
decabromodiphenyl ether (deca-BDE) and octabromodiphenyl ether (octa-BDE) in the past decades[1-2].  
However, the polybrominated diphenyl ethers (PBDEs) added in plastic easily diffuse into the 
environment during recycling and using of plastic, The research found that the oceans, soil, rivers and 
organisms in south-east littoral of China have been polluted at certain degree by PBDEs[3]. So the study 
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on the theory and technique to separate PBDEs from waste househould plastics has great significance for 
controlling the more and more serious PBDEs pullution in our country. 
Solvent extraction is an effective procedure to separates soluble toxic compounds from solid waste, but 
unfortunately deca-BDE with the highest concentration in plastic was hardly soluble in almost all organic 
solvent, another because plastic has the high barrier property , so it was very difficult to leach PBDEs 
form plastic.  In order to improve the permeability and dissolving capacity of solvent, microwave and 
ultrasonic were often used for enhancing the leaching process of PBDEs[4], but these special equipments 
generally again became the main obstacle for large-scale industrial application, so far, the strengthening 
leaching process has not still gained commercial application in the recycled field of flame- retarded 
plastic waste except for determining of flame retardants containing in polymer[5]. 
In comparison to normal solvents extraction, supercritical fluid  possess the excellent solvability and 
high penetrability, which is particularly suitable for the solid-liquid extraction process. Because of its 
nonpoisonous, no pollution and cheap, carbon dioxide is the most widely applied supercritical solvent. 
Gamse [6-7] studied the removal of tetrabromobisphenol A(TBBA) and hexabromocyclododecane (HBCD) 
from electronic waste materials using supercritical CO2 (sc-CO2) extraction, Abdel mnim Altwaiq [8] 
investigated the separating process of deca-BDE from HIPS particles by sc-CO2, and the research results 
about extraction of phosphorous flame retardant from waste printed ccircuit boards and extraction of 
plasticizer from PVB plastics by supercritical fluid had been recently reported in China[9-10]. But all the 
study showed that deca-BDE solubility in supercritical CO2 was still too low to be not completely 
separated. In this paper, a new recycling process on supercritical CO2 extraction of PBDEs from waste 
HIPS plastic was proposed, the waste TV set housing plastic was firstly dissolved in d-limonene, then the 
deca-BDE particles in solution was removed by a centrifugal process, HIPS resin was precipitated from 
the centrifugate by supercritical CO2 used for anti-solvent, while PBDEs can still be kept to stayed in 
solvent in the same time, so the PBDEs concentration of recycled plastic can reach a very low level. 
2. Experimental 
2.1 Materials 
The waste TV set housing plastic used in this work was identified as manufactured from flame-
retarded HIPS resin containing 10.77 % of PBDEs (10.45 % of deca-BDE, 0.32 % of nona-BDE) and 
3.03% of Sb2O3. The maximum dimension of the shredded TV housing fragments was 1–10 mm. 
Commercial grade deca-BDE and HIPS resin were respectively produced by Sino-Brom Compounds and 
SINOPEC Guangzhou company, commercial grade d-limonene was from Florida Worldwide Citrus. 
Carbon dioxide gas˄>99.9 vol.%˅was supplied by Maoming Gaolin Carbon Dioxide Co. Ltd. The 
other chemicals are all analytical reagent. 
 2.2 Apparatus and measurement procedure 
The TV housing plastic solution was prepared by 20g plastic dissolved in 80 g d-limonene, then 
insoluble deca-BDE particles in solution were removed by a centrifugal separation at speed of 10000 
r/min. The simulation plastic solution was prepared by a proportion of commercial deca-BDE and HIPS 
resin dissolved in d-limonene according to the needs of experiments. 
Supercritical anti-solvent experiments were carried out by means of a supercritical extraction plant 
with 1 litre of extraction vessel, the extraction plant is shown in Fig.1.  Plastic solution was put into the 
extraction vessel and preheated to the set temperature,  CO2 fluid was  also adjusted to the set temperature 
and pressure and stored in supercritical CO2 tank simultaneously, then the supercritical fluid was sent to 
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the extraction vessel, where the sc-CO2 fluid and plastic solution were completely mixed and balanced 
with the help of the circulating pump. HIPS resin can be precipitated from the solution, whereas the most 
PBDEs can be still kept to stay in the mixed solvents.   
 
                          
Solid-liquid extraction experiments  were carried  out with TV set housing plastic particles. Plastic 
particles was firstly put into the extraction vessel, then the supercritical fluid was passed circularly 
through the extraction vessel with 50ml/min of flow at a given temperature and pressure, the sc-CO2 fluid 
rich in PBDEs from the extraction vessel was sent into the separator,  where the PBDEs dissolved was 
desorbed in two separators due to decreasing of temperature and pressure. 
When the extraction experimental was finished, the HIPS sample was took out from the extraction 
vessel, and the concentration of PBDEs remained in the plastic were identified by HPLC. 
3. Results and discussion  
3.1  The effect of temperature and pressure on the separating efficiency 
Extraction temperature and pressure are the most important effect factors on the extraction ability of 
sc-CO2 fluid, the removal rate of deca-BDE at different temperature were investigated when pressure was  
20 MPa, the volume ratio of  sc-CO2 to HIPS solution ( 0.3% decaBDE) was set to 2:1, the experimental 
results at different temperatures were shown as Fig.2. 
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Fig. 2 The effect of extraction temperature on the concentration of deca-BDE in HIPS precipitate  
 
Fig. 1 Schematic diagram of sc-CO2 extraction plant 
1. cooler, 2. modifier tank, 3. separator I, 4 separator II, 5. supercritical CO2 tank,  6. extraction vessel, 7 high pressure pump, 
8. meter pump, 9.preheater, 10. circulating pump
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The results in Fig.2 showed the concentration of deca-BDE residual in HIPS can reached the lowest 
value at about 65 . Although high extraction temperature canć  help to increase solubility of deca-BDE in 
supercritical CO2,  the surface of HIPS precipitate will become into melt when temperature got HIPS 
thermal deformation temperature (about 70 ~84  ) , which made the decać ć -BDE solution wrapped 
inside precipitate to be not removed by washing,  the dissolved deca-BDE will remained in HIPS after the 
solvent evaporated, whereas HIPS can form porous structure precipitate at lower temperature, the solution 
entrained in this kind of precipitate can be easily removed by washing. The photo of HIPS precipitate 
formed at different were showm in Fig.3, the photos indicated  that the surface precipitate was completely 
melt at 85 , so the extraction temperatuć re should not be over the HIPS softening point.     
 
            
                                                    65 ć                                       75 ć                                             85 ć 
Fig.3 The characteristic of HIPS precipitate formed at different extraction temperature 
When the extraction temperature was set to 65ć, the volume ratio of  sc-CO2 to HIPS solution ( 0.3% 
deca-BDE) was kept to 2:1, the experimental results under different pressures were shown as Fig.3. 
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Fig. 3 The effect of extraction pressure on the concentration of deca-BDE in HIPS precipitate  
It can be found from Fig.3 that the effect trend of the extraction pressure on the separating effect of 
deca-BDE was different from extraction temperature. The higher extraction pressure was applied, the 
lower concentration of deca-BDE remained in HIPS, this is because the density and permeability of sc-
CO2 generally increased with pressure, so higher extraction pressure can help to improve  the solubility 
and mass transfer speed of PBDEs, thereby a good efficiency of debromination can be obtained. But the 
cost of operating and equipment will also improve with the increase of the extraction pressures, so the 
extraction pressure should be controlled to a suitable volume according to acceptable cost and separation 
requirements. 
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3.2  The effect of deca-BDE concentration on separating efficiency 
In most cases, the effect factor of the sample characteristic on separating efficiency was mainly the 
particle size of sample in supercritical CO2 extraction process. but because the solubility of deca-BDE is 
very small in the good solvent of HIPS resin, so deca-BDE exits in two main forms in HIPS solution: fine 
particles suspend in solution and molecule dissolved in solvent, the fine particles were very easily 
precipitated together with HIPS and entered into the recycled product, whereas the molecular deca-BDE 
dissolved can be kept to stayed in mixed solvents during precipitating of HIPS, so the concentration of 
deca-BDE particles in solution will influence separating efficiency in supercritical antisolve process, 
while the concentration of deca-BDE particles mainly depend on the total deca-BDE concentration. When 
the volume ratio of sc-CO2 to HIPS solution was set to 2:1, the extraction experimental results of different 
concentration of deca-BDE at 65 ć and under 20 MPa were shown as Fig.4. 
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Fig. 4 The effect of concentration of deca-BDE in solution on the concentration of deca-BDE in HIPS precipitate 
  The results in Fig.4 showed that the concentration of deca-BDE in HIPS rapidly increased with the 
deca-BDE concentration when higher than 0.6%, which is about equal to the solubility of deca-BDE in d-
limonene at 65 ć, this proved that the deca-BDE particles exist in solution will seriously reduce the 
separating efficiency. The amount of deca-BDE added in flame-retarded Plastic was general 10~15%, the 
concentration of deca-BDE will reach 2% if the flame-retarded plastic was turned into the 20% of plastic 
solution. According to the results in Fig.4, it was concluded that the deca-BDE in solution cannot be 
successfully separated by directly extracting of plastic solution. Therefore the deca-BDE particles must be 
firstly removed from solution before carrying supercritical anti-solvent. The experimental results of 
separating deca-BDE particles from the solution with 20% of HIPS were listed in table 1. 
Table 1 The separating efficiency of deca-BDE particles at 30 ć  (%) 
Total concentration of deca-BDE in solution 0.2 0.4 0.6 0.8 1.0 1.5 2.0 
Concentration of molecular deca-BDE in solution  0.2 0.23 0.22 0.23 0.22 0.23 0.23 
Concentration of deca-BDE particles in solution   0 0.17 0.38 0.57 0.78 1.27 1.77 
Total concentration deca-BDE in centrifugal solution  0.2 0.27 0.31 0.33 0.29 0.34 0.35 
Concentration of deca-BDE in HIPS precipitate (dry) 0.04 0.06 0.07 0.08 0.07 0..06 0.07 
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The results in table 1 showed that the solubility of deca-BDE is about 0.23 % at 30ć, once the total 
concentration of deca-BDE were higher than this concentration, the extra deca-BDE can not be again  
dissolved and exist in particles, so the concentration of deca-BDE particles increased with total 
concentration of deca-BDE in solution. it was found from table 1 that no matter how high the deca-BDE 
concentration in original solution reached, all the centrifugal solutions can reduce to roughly the same 
concentration (about 0.34%) and the concentration of deca-BDE in all HIPS precipitate samples can also 
be lower than 0.1%, this suggested that the effect of deca-BDE concentration on separating efficiency can 
be eliminated by a centrifugal process of plastic solution. 
3.3  The effect of the ratio of sc-CO2 to HIPS solution on separating efficiency  
Because the solubility of deca-BDE in d-limonene is higher than in sc-CO2, so the proportional change 
of sc-CO2 to HIPS solution will cause changes of the solubility of deca-BDE in mixed solvents, and then 
thereby affecting  the separating  efficiency. When the extraction temperature and pressure were 
respectively set to 65 ć and 20 MPa, the experimental results with different ratio of sc-CO2 to HIPS 
solution were shown as Fig.5. 
0 100 200 300 400
0.00
0.05
0.10
0.15
0.20
Th
e 
co
nc
en
tra
tio
n 
of
 d
ec
a-
B
D
E 
( %
)
The ratio of sc-CO2 to HIPS solution (mL/100 mL)
 
Fig. 5 The effect of the volume ratio of sc-CO2 to HIPS solution on the concentration of deca-BDE in HIPS precipitate 
  
     The results in Fig.5 suggested that the concentration of deca-BDE in HIPS precipitate reduced the 
minimum  when the ratio was reached about 2:1 (sc-CO2 to solution).  it was observed that HIPS will 
form adhesive colloid precipitate if ratio of sc-CO2 is too small, this kind of precipitate will hinder 
cleaning  of solution wrapped inside precipitate by washing. On the other hand the solubility of deca-BDE 
in mixed solvents will decrease if the ratio of sc-CO2 is too high, which may cause crystallizing of deca-
BDE dissolved and precipitated together with HIPS. The optimum ratio of sc-CO2 to HIPS solution was  
2:1.    
3.4  The extraction experiments of TV set housing plastic solution  
       The former results showed that the suitable extraction temperature, pressure and solvent volume 
ratio are 65 ć , 20 MPa and 2:1(sc-CO2 to solution)ˈ respectively. According to the optimum 
conditionsˈthe extraction experiment of housing plastic solution were carried out and the results were 
listed in table 2.  
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Table 2   The separating efficiency of deca-BDE by different supercritical CO2 extraction process ( %) 
Sample Plastic original solution Plastic particles Plastic centrifugal solution
Deca-BDE concentration 2.09 10.45 0.29 
Nona-BDE concentration 0.064 0.32 0.068 
Extraction process Supercritical Anti-solve Solid-liquid Supercritical Anti-solve 
Supercritical conditions 65 ć, 20 MPa, 40 min 
Deca-BDE concentration after extracted (dry) 6.45 6.83 0.06 
Nona-BDE concentration after extracted (dry) 0.02 0.05 0.01 
Removal rate of PBDEs 45.03 41.50 97.60 
 
The results in table 2 showed the removal rate of deca-BDE were very small by supercritical directly 
extracting of the housing plastic particles and by supercritical anti-solve extracting directly of the housing 
plastic original solution, whereas removal rate of deca-BDE can reach 97.6% by supercritical anti-solve 
extracting of the plastic centrifugal solution, and total concentration of PBDEs in HIPS was reduced to 
0.07%, which can meet the RoHS directives. So the process of combining supercritical Anti-solve with 
centrifugal separation can successfully remove high PBDEs level from waste flame-retarded plastic. 
4.  Conclusion   
The deca-BDE particles suspended in plastic solution is the main reason that reduced the separating 
efficiency of supercritical anti-solve process, so the fine deca-BDE particles must firstly be removed from 
plastic solution before supercritical anti-solve. The extraction temperature, pressure and the volume ratio 
of sc-CO2 to solution were the most important process conditions on the extraction efficiency of deca-
BDE. When the extraction temperature and pressure are respectively 65 and ć 20 MPa, the volume ratio 
of was controlled to be 2:1(cs-CO2 to solution), the recycled HIPS resin from waste TV set plastic can 
reach RoHS stardard. 
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